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Theoretical study on the gas and solution phase enthalpies, free 
energies, and equilibrium constants for the isomerization of 
[1.1]paracyclophane derivatives as potential molecular switches
Theoretical studies were conducted on the predicted gas and solution phase 
thermodynamic properties for isomerization of various [1.1]paracyclophane 
derivatives to their corresponding transannular[4+4] adducts at representative 
levels of density functional and composite method theory. Calculations suggest 
the [1.1]paracyclophane to transannular[4+4] adduct isomerizations are not 
likely amenable to thermodynamic solvent tuning for the methylene, ether, and 
thioether bridged derivatives using a broad range of nonpolar and polar aprotic 
and polar protic implicit solvation models, but may be receptive towards solvent 
tuning for the amine bridged analogs. Varying the nature of the cyclophanic 
bridging atoms and the electron withdrawing/releasing character of 
photochemically/thermally stable substituents on the π-systems is predicted to 
facilitate substantial variation of the isomerization equilibria to a much greater 
degree than changing the solvent environment.
Keywords: molecular switches; [1.1]paracyclophanes; isomerization; theoretical study
1. Introduction
Cyclophanes contain one or more aromatic units with aliphatic chain bridges and can 
be built up into cagelike structures. These compounds have been experimentally 
known for more than six decades, and have found application in several fields of 
materials science such as optical devices, novel polymers, drug delivery agents, and 
ligands in stereoselective synthesis [1-3]. In addition, cyclophanes have been the 
subject of theoretical interest due to their molecular strain, as well as interesting (and 
sometimes conflicting) aromatic/non-aromatic properties.[4-7] There are various 
classes of cyclophanes depending on the number and types of aromatic/bridging 
arrangements; common examples include the [n]metacyclophanes (I), 
[n]paracyclophanes (II), and [n,n']paracyclophanes (III) (Figure 1).
Despite much interest in the field and the preparation of [2.2]paracyclophane in the 
late 1940s and early 1950s,[8,9] it was not until the 1990s that Tsuji et al. were able to 
provide spectroscopic evidence for the successful synthesis of [1.1]paracyclophane 
(1a) [10] and subsequently be the first to prepare this compound via 
photoisomerization of the corresponding bis(Dewar benzene) [11]. As part of their 
investigation, these authors found that 1a exhibits long wavelength UV/Vis 
absorption and undergoes photocyclization with thermal reversibility to give a 
transannular[4+4] adduct (1b) (Figure 2). Although issues such as competing side 
reactions and the need to work at low temperatures present challenges, the system 
may offer potential as a molecular switch. To better understand the promise of this 
class of interesting molecules, we report herein theoretical studies on the gas and 
solvent phase thermodynamics for isomerization of several [1.1]paracyclophane 




































All calculations used Gaussian 09 [12]. Density functional theory (DFT) calculations 
employed the M062X,[13] B3LYP [14-16], mPW1PW91,[17-20] B97,[21] and 
PBE1PBE (PBE0) [22-24] functionals with the 6-311++G(2df,2p) [25,26] and aug-
cc-pVDZ [27-32] basis sets. Composite method calculations were conducted with the 
CBS-Q//B3 [33,34] and G4MP2 [35] levels of theory. Solvent phase calculations 
employed the IEFPCM-UFF,[36-38] CPCM,[39,40] and SMD [41] implicit solvation 
models. All calculations used the same gas phase starting geometries obtained with 
the PM6 semiempirical method [42] as implemented in MOPAC 2009 
(http://www.openmopac.net/; v. 9.281). Molecular enthalpies and free energies 
include zero point and thermal corrections. Only the lowest energy conformation of 
each molecule was considered. Optimized structures were confirmed as true minima 
by vibrational analysis at the same level.
3. Results and discussion
Gas phase standard state (298.15 K, 1 atm) isomerization enthalpies (ΔisomH°(g)), 
isomerization free energies (ΔisomG°(g)), and corresponding equilibrium constants (log 
Kisom) were calculated at the M062X/6-311++G(2df,2p), M062X/aug-cc-pVDZ, 
B3LYP/6-311++G(2df,2p), mPW1PW91/6-311++G(2df,2p), B97D/6-311+
+G(2df,2p), PBE1PBE/6-311++G(2df,2p), CBS-Q//B3, and G4MP2 levels of theory 
for the conversion of the parent [1.1]paracyclophane derivatives with methylene (1a), 
amine (2a cis and trans), ether (3a), and thioether (4a) bridges to the corresponding 
transannular[4+4] adduct photoisomers (1b-4b) (Figure 2 and Table 1). Starting 
conformations with the amine hydrogens oriented cis and trans perpendicular to the π-
systems converged to the corresponding global minimum cis and trans π-parallel 
conformations. Amine bridged cis-trans ΔisomH° and ΔisomG° are also estimated to be 
<±1 kcal/mol, within the error of calculation and suggesting these isomers are 
approximately isoenergetic at all levels of theory.
Good agreement was observed between the M062X/6-311++G(2df,2p), M062X/aug-
cc-pVDZ, mPW1PW91/6-311++G(2df,2p), and PBE1PBE/6-311++G(2df,2p) DFT 
level calculations and the higher level CBS-Q//B3 and G4MP2 composite method 
calculations for ΔisomH°(g), ΔisomG°(g), and log Kisom for all derivatives. In contrast, the 
B3LYP/6-311++G(2df,2p) and B97D/6-311++G(2df,2p) ΔisomH°(g) and ΔisomG°(g) 
estimates were about 10 to 15 kcal/mol higher than the CBS-Q//B3 and G4MP2 
estimates and are not likely accurate. In general, the gas phase M062X/6-311+
+G(2df,2p) ΔisomH° and ΔisomG° are about 1 to 3 kcal/mol lower than the 
corresponding CBS-Q//B3 and G4MP2 estimates for the methylene, amine, and ether 
derivatives, and approximately equal to the G4MP2 estimates for the thioether 
analogs. Thus, we assume error bars of about ±1 to 2 log Kisom units on the M062X/6-
311++G(2df,2p) level calculations.
The relatively poor isomerization energy performance of the B3LYP and B97D 
functionals is not unexpected [43-57], even with the dispersion correction in the 
B97D functional. Although the mPW1PW91 and PBE1PBE functionals may offer 
good ΔisomH°/ΔisomG° predictive capacity for some compounds, they are known to be 



































of problems [49,55,57]. In contrast, several studies have shown the M062X functional 
performs well for a broad range of small and large organic systems [51,53-56].
Methylene (1a→1b) and thioether (4a→4b) bridges result in gas phase equilibrium 
constants strongly favoring the [1.1]paracyclophane isomers as the lower energy form 
(estimated log Kisom between -11 and -15 at the M062X/6-311++G(2df,2p), CBS-
Q//B3, and G4MP2 levels of theory). Concomitant with their synthetic and 
experimental product studies, Tsuji et al. [11] also conducted MNDO, RHF/6-31G*, 
B3LYP/6-31G*, and MP2/6-31G*//RHF/6-31G* calculations on the gas phase 
isomerization of 1a→1b, finding respective estimated ΔisomE° of 13.7, 8.7, 26.2, and 
20.0 kcal/mol. Their highest level MP2/6-31G*//RHF/6-31G* ΔisomE° is in excellent 
agreement with our CBS-Q//B3 and G4MP2 ΔisomG° of 18.6 and 18.0 kcal/mol, 
respectively, and reasonably close to our M062X/6-311++G(2df,2p) ΔisomG° of 15.4 
kcal/mol. The ether analog (3a→3b) has an estimated gas phase Kisom strongly 
favoring the lower energy transannular[4+4] adduct (log Kisom between 10 and 11). 
The amine derivatives (2a→2b; cis [both amine hydrogens pointing in the same 
direction parallel to the π-systems] and trans [amine hydrogens pointing in opposite 
directions parallel to the π-systems]) have estimated gas phase log Kisom between +1 
and -2, and appear to slightly favor the [1.1]paracyclophane derivatives. Overall, we 
find that the nature of the bridging group exerts a substantial thermodynamic 
influence on the [1.1]paracyclophane to transannular[4+4] adduct isomerization. The 
estimated Kisom range over >25 orders of magnitude for compounds 1a/b through 4a/b 
depending on the bridge functionality, suggesting a high potential for thermodynamic 
tunability.
Gas phase standard state (298.15 K, 1 atm) enthalpies of formation (ΔfH°) using the 
G4MP2 data (which does not exhibit molecular size scaling errors in ΔfH° estimates) 
and the atomization approach [58,59] for the parent [1.1]paracyclophanes are as 
follows: 1a, 124.4 kcal/mol; 2a-cis, 175.3 kcal/mol; 2a-trans, 175.6 kcal/mol; 3a, 
110.5 kcal/mol; and 4a, 133.2 kcal/mol. Tsuji et al. reported a ΔfH° of 183.5 kcal/mol 
for 1a using the older semiempirical MNDO method; the true ΔfH° of 1a is likely 
closer to the G4MP2 estimate. 
Calculations were also conducted at the M062X/6-311++G(2df,2p) level of theory in 
a broad range of nonpolar and polar aprotic and polar protic solvents using the 
IEFPCM-UFF, CPCM, and SMD implicit solvation models (Table 2). For the 
methylene (1a→1b), ether (3a→3b), and thioether (4a→4b) bridged systems, all 
solvent models consistently predict little solvent identity/polarity influence on the 
isomerization thermodynamics with solvent dependent log Kisom variability within the 
estimated error of calculation. By comparison, the cis and trans amine-bridged 
derivatives (2a cis/trans→2b cis/trans) display the largest estimated solvent influence 
on Kisom using the SMD solvation model (log Kisom ranging over 5 orders of 
magnitude), whereas the IEFPCM-UFF and CPCM solvation models predict little 
variation in Kisom with solvent identity. The substantial difference in Kisom prediction 
for the amine bridged compounds between the SMD and the IEFPCM-UFF/CPCM 
solvation models likely resides in the hydrogen bonding interactions built into the 
SMD model that are correspondingly absent in the IEFPCM-UFF and CPCM models. 
Consequently, the SMD model suggests that solvent polarity has little influence on 
the thermodynamics of the [1.1]paracyclophane to transannular[4+4] adduct 



































almost entirely by the hydrogen bond strength between the solvent and the amine 
bridge.
Solvents with a greater capacity for hydrogen bonding (e.g., water, methanol) are 
predicted to favor the transannular[4+4] adduct form (SMD log Kisom of 4.3/4.7 and 
1.0/1.2, respectively, for the cis/trans isomers), with less favorable thermodynamics 
for the transannular[4+4] adduct isomer in weaker hydrogen bonding solvents such as 
ethanol and n-octanol (SMD log Kisom of 0.7/0.9 and 0.7/1.0, respectively, for the 
cis/trans isomers), and a favoring of the [1.1]paracyclophane isomer in both nonpolar 
and polar aprotic solvents (SMD log Kisom ranging from -0.5 to -1.1). Thus, the SMD 
model predicts a potential solvent identity based tunable molecular switch system 
whereby nonpolar/polar aprotic solvents favor the lower energy [1.1]paracyclophane 
forms (log Kisom~-1), whereas polar protic solvents are predicted to favor the lower 
energy transannular[4+4] adduct forms (log Kisom~1 to 5). Given the expected low 
solubility in water (in the absence of hydrophilic substituents on the π-systems), the 
solvent tuning range for the amino derivatives is more likely practically constrained to 
log Kisom~-1 to 1. Further studies with explicit first shell solvent molecules and/or 
explicit first shell solvent molecules within an implicit second and bulk shell 
environment are needed to better understand possible solvent hydrogen bonding 
effects on the isomerization equilibria.
Perhalogenation of the π-systems in 1a by fluorine (5a), chlorine (6a), and bromine 
(7a) has a dramatic effect on the estimated gas phase ΔisomH°, ΔisomG°, and Kisom (Table 
3). The difference in Kisom between the perhydro and perbromo derivatives is >23 
orders of magnitude. The perhydro and perfluoro analogs have gas phase equilibria 
strongly favoring the [1.1]paracyclophanes, whereas the perchloro and perbromo 
derivatives have equilibria strongly favoring the transannular[4+4] adducts. Due to 
the computational expense, we have not examined the effects of a broad range of 
electron withdrawing and releasing groups (EWGs/ERGs) attached to the π-systems 
of 1a on the resulting Kisom. However, the results obtained with the halogens attest to 
the high potential for Kisom tuning of the [1.1]paracyclophane → transannular[4+4] 
adduct isomerization by judicious selection of π-system EWG/ERG substituents. Of 
course, the substituents would need to be photolytically recalcitrant (possibly 
excluding halogens, particularly those with weaker C-X bonds such as chlorine and 
bromine) and thermally inert to allow effective repeatable use of the light driven 
[1.1]paracyclophane → transannular[4+4] adduct isomerization and subsequent 
ground state cycloreversion.
For all compounds, gas phase geometrical descriptors obtained at the G4MP2 and 
M062X/6-311++G(2df,2p) levels of theory are in excellent agreement (Table 4). 
Minimal bond length alternation is predicted for the [1.1]paracyclophane π-systems 
regardless of bridge identity and π-system substitution. With the exception of the 
thioether system (4a/4b), varying the bridging group and π-system substitution also 
has only a modest effect on the cage structures. For 4a, however, introduction of the 
thioether bridge substantially lengthens the inter-ring bridge distance, and for both 4a 
and 4b, the thioether link substantially reduces the δ-bridging angle relative to its 




































Theoretical studies show that the equilibria for [1.1]paracyclophane → 
transannular[4+4] adduct isomerizations cannot likely be effectively solvent tuned for 
the methylene, ether, and thioether bridged derivatives, but may be possible with the 
amine bridged analogs. Varying the nature of the bridging atoms themselves, as well 
as the electron withdrawing/releasing character of photochemically/thermally stable 
substituents on the π-systems, appears to allow substantial alteration of the 
isomerization equilibria to a much greater degree than changing the solvent 
environment. The findings attest to the need for further synthetic and experimental 
work on these compounds to test the theoretical results presented herein and to 
support or refute the apparent breadth of applying these systems as tunable molecular 
switches.
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Table 1. Estimated gas phase enthalpies (ΔisomH°), free energies (ΔisomG°), and equilibrium constants (log Kisom) for the isomerization of the unsubstituted π-system [1.1]paracyclophane derivatives with methylene (1a), 
amine (2a cis and trans), ether (3a), and thioether (4a) bridges to corresponding transannular[4+4] adducts (1b-4b; see Figure 2 for generalized isomerization scheme) using various density functional levels of theory 
and the CBS-Q//B3 and G4MP2 composite methods.































M062X/6-311++G(2df,2p) 14.9 0.1 -0.4 -16.2 18.8 15.4 0.6 0.1 -15.3 19.4 -11.3 -0.4 -0.1 11.3 -14.2
M062X/aug-cc-pVDZ 13.8 -1.1 -1.6 -16.6 17.3 14.3 -0.5 -1.0 -15.7 11.5 -10.5 0.4 0.7 11.5 -13.1
B3LYP/6-311++G(2df,2p) 25.7 11.2 10.4 -6.5 30.9 26.2 11.6 10.9 -5.7 31.6 -19.2 -8.5 -8.0 4.2 -23.1
mPW1PW91/6-311++G(2df,2p) 16.1 1.2 0.5 -16.9 21.0 16.7 1.7 1.0 -16.1 21.7 -12.2 -1.3 -0.7 11.8 -15.9
B97D/6-311++G(2df,2p) 29.0 14.8 13.9 -3.2 32.5 29.4 15.1 14.3 -2.4 33.1 -21.5 -11.1 -10.5 1.7 -24.3
PBE1PBE/6-311++G(2df,2p) 15.1 0.2 -0.5 -17.9 19.8 15.7 0.7 0.0 -17.1 20.6 -11.5 -0.5 0.0 12.5 -15.1
CBS-Q//B3 18.1 2.9 2.4 -14.7 19.6 18.6 3.3 2.8 -13.9 20.3 -13.7 -2.4 -2.1 10.2 -14.9



































Table 2. Estimated solvent phase enthalpies (ΔisomH°), free energies (ΔisomG°), and equilibrium constants (log Kisom) for the isomerization of the unsubstituted π-system [1.1]paracyclophane derivatives with methylene 
(1a), amine (2a cis and trans), ether (3a), and thioether (4a) bridges to corresponding transannular[4+4] adducts (1b-4b; see Figure 2 for generalized isomerization scheme) at the M062X/6-311++G(2df,2p) density 
functional level of theory with the IEFPCM-UFF, CPCM, and SMD solvent models.
































  IEFPCM-UFF 15.3 0.3 -0.4 -15.9 19.1 15.9 0.9 0.1 -15.1 19.7 -11.7 -0.6 -0.1 11.0 -14.4
  CPCM 15.3 0.2 -0.2 -15.8 19.1 15.9 0.7 0.3 -15.0 19.7 -11.7 -0.5 -0.2 11.0 -14.4
  SMD 15.3 1.0 0.5 -17.0 18.4 15.8 1.5 1.1 -16.1 18.9 -11.6 -1.1 -0.8 11.8 -13.9
cyclohexane
  IEFPCM-UFF 15.2 0.2 -0.4 -16.0 19.1 15.9 0.8 0.1 -15.1 19.7 -11.6 -0.6 -0.1 11.1 -14.4
  CPCM 15.3 0.2 -0.3 -15.9 19.1 15.9 0.7 0.3 -15.1 19.7 -11.6 -0.5 -0.2 11.0 -14.4
  SMD 15.3 1.0 0.5 -16.8 18.5 15.8 1.6 1.1 -16.0 19.0 -11.6 -1.1 -0.8 11.7 -13.9
heptane
  IEFPCM-UFF 15.2 0.2 -0.4 -16.0 19.0 15.8 0.8 0.1 -15.1 19.6 -11.6 -0.6 -0.1 11.1 -14.4
  CPCM 15.2 0.2 -0.3 -15.9 19.1 15.8 0.7 0.3 -15.1 19.2 -11.6 -0.5 -0.2 11.1 -14.1
  SMD 15.3 0.9 0.5 -16.8 18.4 15.7 1.5 1.1 -16.0 19.0 -11.5 -1.1 -0.8 11.7 -13.9
tetrahydrofuran
  IEFPCM-UFF 15.7 0.6 -0.2 -15.5 19.4 16.3 1.3 0.3 -14.6 20.0 -11.9 -0.9 -0.2 10.7 -14.7
  CPCM 15.7 0.4 0.0 -15.5 19.4 16.3 0.5 0.5 -14.7 19.9 -11.9 -0.4 -0.4 10.8 -14.6
  SMD 15.6 0.9 0.5 -16.7 18.5 16.1 1.4 1.1 -15.8 19.0 -11.8 -1.0 -0.8 11.6 -14.0
diethyl ether
  IEFPCM-UFF 15.5 0.5 -0.3 -15.7 19.3 16.2 1.2 0.1 -14.8 19.9 -11.8 -0.9 -0.1 10.9 -14.6
  CPCM 15.6 0.3 -0.1 -15.6 19.3 16.1 0.8 0.4 -14.8 19.8 -11.8 -0.6 -0.3 10.9 -14.5
  SMD 15.4 0.7 0.4 -16.9 18.4 15.9 1.3 0.9 -16.0 19.0 -11.6 -0.9 -0.7 11.7 -13.9
dichloromethane
  IEFPCM-UFF 15.7 0.6 -0.2 -15.5 19.4 16.3 1.2 0.3 -14.6 20.0 -11.9 -0.9 -0.2 10.7 -14.7
  CPCM 15.9 -0.2 0.1 -15.4 19.5 16.4 0.2 0.6 -14.6 20.0 -12.0 -0.2 -0.4 10.7 -14.7
  SMD 15.7 0.4 0.1 -16.1 18.6 16.2 0.9 0.6 -15.1 19.1 -11.9 -0.7 -0.5 11.1 -14.0
acetone
  IEFPCM-UFF 15.8 0.6 0.0 -15.4 19.5 16.4 1.2 0.4 -14.5 20.1 -12.0 -0.9 -0.3 10.7 -14.7
  CPCM 15.8 0.5 0.1 -15.4 19.4 16.4 1.0 0.6 -14.6 20.0 -12.0 -0.7 -0.4 10.7 -14.7
  SMD 15.8 0.7 0.4 -16.4 18.6 16.3 1.2 0.9 -15.5 19.1 -11.9 -0.9 -0.7 11.4 -14.0
acetonitrile
  IEFPCM-UFF 15.8 0.6 0.0 -15.4 19.5 16.4 1.1 0.5 -14.5 20.1 -12.0 -0.8 -0.4 10.7 -14.7
  CPCM 15.9 0.5 0.1 -15.4 19.5 16.4 1.0 0.6 -14.6 20.0 -12.0 -0.7 -0.4 10.7 -14.7
  SMD 15.9 0.7 0.3 -16.1 18.7 16.4 1.2 0.9 -15.2 19.2 -12.0 -0.8 -0.6 11.2 -14.1
dimethylsulfoxide
  IEFPCM-UFF 15.9 0.6 0.0 -15.4 19.5 16.4 1.1 0.5 -14.5 20.1 -12.0 -0.8 -0.4 10.7 -14.7
  CPCM 15.9 0.5 0.1 -15.4 19.5 16.4 1.0 0.6 -14.6 20.0 -12.0 -0.7 -0.4 10.7 -14.7
  SMD 15.9 1.0 0.6 -16.6 18.6 16.4 1.5 1.2 -15.8 19.1 -12.0 -1.1 -0.9 11.6 -14.0
octanol
  IEFPCM-UFF 15.7 0.6 -0.1 -15.5 19.4 16.3 1.3 0.3 -14.6 20.1 -12.0 -0.9 -0.2 10.7 -14.7



































  SMD 15.6 -1.5 -1.9 15.9 18.3 16.0 -1.0 -1.4 -15.0 18.8 -11.8 0.7 1.0 11.0 -13.8
ethanol
  IEFPCM-UFF 15.8 0.6 0.0 -15.4 19.5 16.4 1.2 0.5 -14.5 20.1 -12.0 -0.9 -0.3 10.7 -14.7
  CPCM 15.8 0.5 0.1 -15.4 19.5 16.4 1.0 0.6 -14.6 20.0 -12.0 -0.7 -0.4 10.7 -14.7
  SMD 15.7 -1.5 -1.9 -15.7 18.4 16.1 -1.0 -1.3 -14.8 18.9 -11.8 0.7 0.9 10.9 -13.9
methanol
  IEFPCM-UFF 15.8 0.6 0.0 -14.5 20.1 16.4 1.2 0.5 -14.5 20.1 -12.0 -0.8 -0.4 10.7 -14.7
  CPCM 15.8 0.5 0.1 -15.4 19.5 16.4 1.0 0.6 -14.6 20.0 -12.0 -0.7 -0.4 10.7 -14.7
  SMD 15.7 -1.9 -2.3 -15.5 18.4 16.2 -1.4 -1.7 -14.6 18.9 -11.8 1.0 1.2 10.7 -13.9
water
  IEFPCM-UFF 15.9 0.6 0.1 -15.4 19.5 16.4 1.1 0.6 -14.5 20.1 -12.0 -0.8 -0.4 10.7 -14.7
  CPCM 15.9 0.5 0.1 -15.4 19.5 16.4 1.0 0.6 -14.6 20.0 -12.1 -0.7 -0.4 10.7 -14.7



































Table 3. Estimated gas phase enthalpies (ΔisomH°), free energies (ΔisomG°), equilibrium 
constants (log Kisom) for the isomerization of methylene bridged [1.1]paracyclophane 
derivatives with π-system perhydro (1a), perfluoro (5a), perchloro (6a), and perbromo 
(7a) substitution to corresponding transannular[4+4] adducts (1b, 5b-7b; see Figure 3 
for generalized isomerization scheme) at the M062X/6-311++G(2df,2p) density 
functional level of theory.
R ΔisomH° (kcal/mol) ΔisomG° (kcal/mol) log Kisom
H (1a→b) 14.9 15.4 -11.3
F (5a→b) 16.1 14.4 -10.6
Cl (6a→b) -10.2 -11.1 8.1



































Table 4. Geometrical descriptors for the [1.1]paracyclophanes and transannular[4+4] adducts under consideration. Bond lengths and bond angles refer 
to those illustrated in Figure 4. For 2a/2b, syn/anti designations on the inter-ring perimeter distances and γ-bond angles refer to orientations where the 
N-H bond is pointed towards and away from the atoms of interest, respectively.




α (°) β (°) γ (°) δ (°)
(a) [1.1]paracyclophanes
1a H CH2 G4MP2 1.398 1.403 1.557 2.389 2.994 119.5 115.0 118.8 100.2
1a H CH2 M062X/6-311++G(2df,2p) 1.393 1.396 1.549 2.370 2.965 119.4 115.3 118.6 99.8
2a(cis) H NH (cis) G4MP2 1.397 1.407 1.480 2.287 2.987syn/2.883anti 118.6 115.8 120.7syn/117.0anti 101.2
2a(cis) H NH (cis) M062X/6-311++G(2df,2p) 1.390 1.401 1.474 2.272 2.952syn/2.870anti 118.5 116.0 120.6syn/116.9anti 100.8
2a(trans) H NH (trans) G4MP2 1.401 1.403 1.482 2.285 2.938syn/2.927anti 118.2 115.8 120.8syn/117.0anti 100.8
2a(trans) H NH (trans) M062X/6-311++G(2df,2p) 1.394 1.396 1.476 2.270 2.912syn/2.907anti 118.9 116.0 120.7syn/116.8anti 100.6
3a H O G4MP2 1.399 1.402 1.440 2.221 2.881 117.8 117.0 118.6 100.9
3a H O M062X/6-311++G(2df,2p) 1.392 1.396 1.431 2.203 2.856 117.7 117.2 118.5 100.7
4a H S G4MP2 1.399 1.399 1.835 2.589 3.079 119.0 118.0 117.8 89.7
4a H S M062X/6-311++G(2df,2p) 1.392 1.392 1.822 2.552 3.034 119.0 118.0 117.9 88.9
5a F CH2 M062X/6-311++G(2df,2p) 1.391 1.392 1.556 2.378 2.913 120.7 113.8 118.5 99.6
6a Cl CH2 M062X/6-311++G(2df,2p) 1.397 1.400 1.553 2.360 3.036 119.4 113.7 120.1 98.9
7a Br CH2 M062X/6-311++G(2df,2p) 1.395 1.402 1.551 2.356 3.062 119.2 113.4 120.6 98.6
(b) transannular[4+4] adducts
1b H CH2 G4MP2 1.335 1.504 1.502 1.600 2.814 113.8 110.4 123.8 64.4
1b H CH2 M062X/6-311++G(2df,2p) 1.328 1.501 1.495 1.576 2.788 113.8 110.4 123.7 63.6
2b(cis) H NH (cis) G4MP2 1.335 1.506 1.462 1.554 2.806syn/2.826anti 112.6 110.8 125.8syn/120.7anti 64.2
2b(cis) H NH (cis) M062X/6-311++G(2df,2p) 1.328 1.502 1.452 1.539 2.785syn/2.803anti 112.6 110.8 125.7syn/120.7anti 64.0
2b(trans) H NH (trans) G4MP2 1.336 1.508 1.463 1.554 2.804syn/2.826anti 112.6 110.8 125.8syn/120.6anti 64.2
2b(trans) H NH (trans) M062X/6-311++G(2df,2p) 1.329 1.501 1.452 1.539 2.786syn/2.801anti 112.5 110.9 125.7syn/120.7anti 64.0
3b H O G4MP2 1.336 1.508 1.423 1.522 2.819 111.4 111.3 122.6 64.6
3b H O M062X/6-311++G(2df,2p) 1.329 1.502 1.411 1.512 2.799 111.5 111.4 122.6 64.8
4b H S G4MP2 1.333 1.512 1.814 1.563 2.821 113.2 110.1 122.3 51.0
4b H S M062X/6-311++G(2df,2p) 1.326 1.507 1.791 1.554 2.799 113.3 110.2 122.4 51.4
5b F CH2 M062X/6-311++G(2df,2p) 1.325 1.491 1.489 1.601 2.750 114.1 111.6 123.5 65.0
6b Cl CH2 M062X/6-311++G(2df,2p) 1.331 1.498 1.487 1.582 2.775 113.8 111.0 123.6 64.2




































Figure 1. General structures of some representative cyclophanes.
Figure 2. [1.1]Paracyclophane → transannular[4+4] adduct isomerizations for the 
methylene (1a→1b), amine (2a cis/trans→2b cis/trans), ether (3a→3b), and thioether 
(4a→4b) bridged derivatives.
Figure 3. Methylene bridged [1.1]paracyclophane → transannular[4+4] adduct 
isomerizations for the π-system perhydro (1a→1b), perfluoro (5a→5b), perchloro 
(6a→6b), and perbromo (7a→7b) derivatives.
Figure 4. Bond length and bond angle reference system for the [1.1]paracyclophane 
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